Mitochondria isolated from potato (Solanum tuberosum L.) tuber were investigated for the presence of a nicotinamide nucleotide transhydrogenase activity. Submitochondrial particles derived from these mitochondria by sonication catalyzed a reduction of NAD' or 3-acetylpyridine-NAD' by NADPH, which showed a maximum of about 50 to 150 nanomoles/ minute. milligram protein at pH 5 to 6. The Km values for 3-acetylpyridine-NAD' and NADPH were about 24 and 55 micromolar, respectively. Intact mitochondria showed a negligible activity in the absence of detergents. However, in the presence of detergents the specific activity approached about 30% of that seen with submitochondrial particles. The potato mitochondria transhydrogenase activity was sensitive to trypsin and phenylarsine oxide, both agents that are known to inhibit the mammalian transhydrogenase. Antibodies raised against rat liver transhydrogenase crossreacted with two peptides in potato tuber mitochondrial membranes with a molecular mass of 100 to 115 kilodaltons. The observed transhydrogenase activities may be due to an unspecific activity of dehydrogenases and/or to a genuine transhydrogenase. The activity contributions by NADH dehydrogenases and transhydrogenase to the total transhydrogenase activity were investigated by determining their relative sensitivities to trypsin. It is concluded that, at high or neutral pH, the observed transhydrogenase activity in potato tuber submitochondrial particles is due to the presence of a genuine and specific high molecular weight transhydrogenase. At low pH an unspecific reaction of an NADH dehydrogenase with NADPH contributes to the total transhydrogenase activity.
active form of the mammalian transhydrogenase is a dimer. The enzyme from beef heart has been extensively investigated with respect to structure and function, especially its mechanism of proton pumping and interaction with other proton pumps in the native membrane as well as in reconstituted liposomes (for reviews, see Refs. 4, 21, 22, and 24) . Transhydrogenase isolated from Escherichia coli has been sequenced and shown to be composed of two subunits of about 50,000 with altogether 11 possible membrane spanning sequences, but otherwise has properties that resemble those of the mammalian enzyme (2, 3) .
The presence of a low transhydrogenase activity in plants, approximately 10 nmol/min -mg, has been reported previously in mitochondria from pea stems (8, 20) and mung bean (26) . In the latter case, an ATP-driven reduction of NADP+ by NADH was also demonstrated (26) . However, these activities have been questioned by others, who have explained them as being due to an unspecific NAD(P)H dehydrogenase or by two separate enzyme systems (14, 16) . The main reason for the latter conclusion was that no significant NAD+-dependent formation of NADH from NADPH could be demonstrated (14) . One possible complication in the measurements may have been that the assay used was based on the natural substrates, which are rapidly oxidized by various dehydrogenases.
In the present study, the presence of a transhydrogenase activity in mitochondria from higher plant tissues was investigated, using mitochondria from potato tuber. Our results suggest that these mitochondria, in addition to the NAD(P)H dehydrogenases localized on the outside of the inner membrane, contains a genuine transhydrogenase and a relatively specific NADH dehydrogenase localized on the inside of the inner membrane.
Nicotinamide nucleotide transhydrogenase (EC 1.6.1.1) of the so-called AB type has been found in most mammalian tissues, as well as in certain photosynthetic and respiring bacteria, and catalyzes the reversible transfer of hydrogen between NADP+ and NADH according to the reaction: NADP+ + NADH = NADPH + NAD+. At neutral pH, reduction of NADP+ by NADH is about 5-to 10-fold slower than the reverse reaction. However, in the presence ofan external source ofenergy generated either by oxidation of a respiratory substrate or by ATP hydrolysis, the rate of the forward reaction is enhanced up to 10-fold with a simultaneous shift of the equilibrium toward the formation of NADPH. The enzyme isolated from beef heart mitochondria is bound to the inner membrane with its active sites directed toward the matrix, is composed of a single subunit of about 115 kD, and has been shown to be a dicyclocarbodiimide-sensitive proton pump. The MATERIALS AND METHODS Preparations. Potato tubers (Solanum tuberosum L.) were purchased from the local markets. Potato tuber mitochondria were isolated as described (15) . Submitochondrial particles from potato tuber mitochondria were prepared according to Glaser et al. (5) and suspended in 0.25 M sucrose, 5 mM 3-[N-morppholino] propanesulfonic acid (pH 7.5) at a protein concentration ofabout 10 mg/mL. Beef heart submitochondrial particles were prepared as previously described (12) , and transhydrogenase was purified essentially as described by Persson et al. (17) .
Assays. Unless indicated otherwise, transhydrogenase activity of the preparations was assayed as the reverse reaction by measuring the reduction of NAD+ or AcPyAD+2 by NADPH as the absorbance difference at 366 minus 400 nm or 375 minus 420 nm using a dual wavelength Aminco-Chance DW-2 spectrophotometer (25) . Medium contained 80 mm potassium phosphate (pH 6.3), 0.025% Triton X-100, 0.4 mg/mL lysophosphatidyl- a Expressed as percentage of total activity of mitochondria in the presence of 0.025% Triton X-100 and 0.04% lysolecithin.
using 200 jAM ofeach substrate and the same medium as described above. In the latter case, the medium also contained 80 mM Hepes-KOH (pH 7.5), 8 mM MgCl2, 5 mM ATP, 0.5 mM phosphoenolpyruvate, and 4 units of pyruvate kinase. The reduction of AcPyAD+ and thio-NADP' was started by the addition of either AcPyAD+ or NADPH and by the addition of thio-NADP+ or NADH, respectively. Assay of transhydrogenase activity at different pH (5-9) was carried out with 0.1 M Tricine-maleate buffer adjusted with HCl/NaOH.
Polyacrylamide slab gel electrophoresis in the presence of sodium dodecyl sulphate was performed using a 7.5% polyacrylamide and bispolyacrylamide gel system (1 1). Staining was accomplished using a modified silver stain method (6) .
Polyclonal antibodies were raised against transhydrogenase from rat liver purified by a method originally used for beef heart (27), as described by Carlenor et al. (1) . The rat liver transhydrogenase band on SDS-PAGE was eluted electrophoretically (13 Figure 1 , intact potato tuber mitochondria catalyzed a rotenone-insensitive oxidation of NADH at a rate of about 56 nmol/min * mg protein, which was completely inhibited by potassium cyanide (Fig. 1, trace A) . The same inhibition was achieved by the addition of 0.025% Triton X-100 or 0.4 mg/mL of lysolecithin (Fig. 1, trace B) . Similar results were obtained when NADH was replaced by NADPH as substrate (Fig. 1 , traces C and D). In this case, the rate of oxidation of NADPH was about 60 nmol/min/mg protein. Inside-out submitochondrial particles, derived from potato tuber mitochondria, catalyzed an oxidation of both NADH and NADPH with essentially the same characteristics as those found for potato tuber mitochondria (Fig.  2, traces A-D) . In this case, the rate of oxidation of NADH was about 40 nmol/min * mg protein, whereas that for NADPH was about 30 nmol/min * mg protein. Addition of NADH or NADPH and the hydrogen acceptor AcPyAD+ to intact potato tuber mitochondria did not lead to any significant reduction of AcPyAD+ (Fig. 3, trace A and B) . However, in the presence of Triton X-100 or lysolecithin reductions of AcPyAD+ by both NADH (Fig. 3, trace A) and NADPH (Fig. 3, trace B) took place, the rates of which were 87 and 47 nmol/min/mg protein, respectively. As shown in Figure 3 , traces C and D, inside-out potato tuber submitochondrial particles catalyzed a reduction of AcPyAD+ by NADH (trace C) and NADPH (trace D) in the absence of detergent at the rates 143 and 70 nmol/min-mg protein, respectively; in the latter cases, the addition of detergents had no effect. Using submitochondrial particles, The Km values for AcPyAD+ and NADPH were determined to be about 24 ,uM and 55 gM, respectively. These results strongly suggest the existence of an NADPH-AcPyAD+ transhydrogenase as well as an NADH dehydrogenase catalyzing the reduction of AcPyAD+ by NADH, located on the inside of the mitochondrial inner membrane.
Potato tuber submitochondrial particles also catalyzed a low rate of reduction of thio-NADP+ by NADH, which was slightly but significantly stimulated by ATP (not shown).
Further evidence for a transhydrogenase in the inner membrane of potato tuber mitochondria is shown in Table I , demonstrating a fractionation of sonicated potato tuber mitochondria. The specific activity associated with the inner membrane fraction of these mitochondria was about three-fold higher than that of mitochondria assayed in the presence of Triton X-100 and lysolecithin, whereas a low activity was associated with the matrix. In the experiment of Table I , the specific transhydrogenase activity ofthe inner membrane fraction was about 154 nmol/ min/mg protein. However, the latter activity varied considerably between different preparations (cf Fig. 7) . (10) . Similarly to the mammalian transhydrogenase (10, 18) , the plant transhydrogenase activity was sensitive to trypsin (Fig. 4) and the sulfhydryl reagent phenylarsine oxide (Fig. 5) . Reduction of AcPyAD+ by NADH, catalyzed by an assumed NADH dehydrogenase in potato tuber submitochondrial particles, was much less sensitive to trypsin (Fig. 4) . In addition, Figure 4 also shows that the plant transhydrogenase, like the mammalian transhydrogenase (21, 24), catalyzed a reduction of NAD+ by NADPH, the rate of which was approximately half of that for reduction of AcPyAD+ by NADPH. Another property which distinguishes the activities of mammalian NADH dehydrogenase and transhydrogenase is their pH dependencies, particularly following trypsin treatment (9, 21, 22) . Trypsin treatment of potato tuber submitochondrial particles was therefore carried out followed by determination of the various activities as a function of pH. As shown in Figure 6A , in the absence of trypsin treatment, the rates of reduction of AcPyAD+ and NAD+ by NADPH increased with lowered pH. The optimum for the NAD+-linked activity at pH 6 was 55 nmol/ min/mg protein, whereas the AcPyAD+-linked activity was without optimum in the pH range investigated; at pH 5 the AcPyAD+-linked activity was about 90 nmol/min/mg protein. In contrast, the rate of reduction of AcPyAD+ by NADH showed an optimum at pH 8 and decreased with lowered pH. After trypsin treatment (Fig. 6B) , the reduction ofAcPyAD+ by NADH catalyzed by the assumed NADH dehydrogenase was essentially unaffected. In contrast, both NADPH-dependent activities were Laemmli (1 1) of potato tuber mitochondrial membranes and purified beef heart transhydrogenase followed by silver staining (A) and immunoblotting (B). (Fig. 8A) , after which the gel was blotted with antibodies against the purified rat liver transhydrogenase (Fig. 8B) . SDS-PAGE of potato tuber mitochondrial membranes indicated the presence of several peptides, but apparently no peptides in the range of 100 to 115 kD range similar to the purified beef heart transhydrogenase reference. However, immunoblotting with antibodies against rat liver transhydrogenase showed a cross-reaction of the antibodies with two peptides of 100 to 115 kD. These latter peptides were susceptible to proteolysis as indicated by the appearance of minor crossreactive peptides in the matrix fraction (not shown).
DISCUSSION
The present investigation shows for the first time that plant mitochondria from potato tuber contain a considerable transhydrogenase activity. As compared with the transhydrogenase activities in other plant mitochondria demonstrated previously (8, 20, 26) , which have been questioned by some investigators (14, 16) , the specific activities obtained in this study were at least 5 to 10 times higher. The reason for this discrepancy is probably that the use of substrate analogs, which per se are at least as good substrates as the natural ones (21, 22) , diminished or eliminated interfering dehydrogenase reactions unrelated to transhydrogenase. An important finding was that the transhydrogenase activity in mitochondria from potato tuber was localized on the matrix side of the inner membrane, strongly suggesting that the activity was due to a transhydrogenase with a topology similar to that of the mammalian enzyme. The similarity to the latter transhydrogenase is further supported by the fact that the forward reaction was approximately 5-to 10-fold slower than the reverse reaction and that the enzyme was inhibited by trypsin and phenylarsine oxide and by the existence of an ATP-driven forward activity. However, the latter ATP-driven activity of the potato tuber mitochondria is much slower than that catalyzed, for example, by heart mitochondria. A possible explanation for this discrepancy may be uncoupling or some other alteration of the membrane as a consequence of the preparation. This problem is presently being investigated.
SDS-PAGE and immunoblotting of potato tuber mitochondrial membranes with antibodies raised against purified rat liver transhydrogenase showed cross-reactivity with two peptides in the range of 100 to 1 5 kD. Thus, the 1 5 kD peptide may be associated with a genuine transhydrogenase activity. These results may indicate that the native potato transhydrogenase resembles the mammalian transhydrogenase (4, 21, 22, 24) .
In agreement with earlier findings (10, 23) , treatment of beef heart submitochondrial particles with trypsin gave a close to complete inhibition of transhydrogenase assayed as reduction of AcPyAD+ or NAD+ by NADPH, without a significant effect on the NADH dehydrogenase-catalyzed reduction of AcPyAD+ by NADH. A low activity of reduction of AcPyAD+ by NADPH remained, particularly at low pH, and is assumed to have been due to an unspecific reaction of NADH dehydrogenase with NADPH (23) . Assuming that the substrate specificities of the mammalian and plant NADH dehydrogenases are similar, a comparison with the pH-dependences of the corresponding reactions catalyzed by potato tuber submitochondrial particles suggests that the bulk of the NADPH-dependent reactions were catalyzed by a transhydrogenase. Alternatively, the inner membrane of potato tuber mitochondria contains an NADH dehydrogenase, in addition to the more classical NADH dehydrogenase of complex I, which is much less nucleotide specific at low pH, much more trypsin sensitive as compared with the mam-Plant Physiol. Vol. 88, 1988 malian enzyme, and also crossreacts with antibodies against rat liver transhydrogenase. This possibility is considered unlikely. Moreover, at low pH, the mammalian NADH dehydrogenase of complex I transfers hydrogens from NADPH to AcPyAD+ only; transfer to NAD+ does not occur (J Rydstrom, E Carlenor, unpublished data).
Preliminary results indicate that the pH dependencies of the two external NADH and NADPH dehydrogenase activities, using oxygen as electron acceptor, are close to identical but still due to two separate and essentially specific dehydrogenases (not shown). However, it is remarkable that neither of these enzymes, which have been claimed to be flavoproteins (14) , catalyzes a reduction of AcPyAD+ by NADPH. This may indicate that these dehydrogenases are not flavoproteins or that their midpoint potentials under the conditions used are unusually high.
In conclusion, plant mitochondria from potato tuber have been shown to contain a relatively high activity of transhydrogenase. The properties of the potato mitochondnal transhydrogenases suggest that it resembles the AB-type of proton-pumping transhydrogenases.
